Abstract. DNA methyltransferase (DNMT) 1 and 3 are primarily responsible for abnormal methylation in cancer. Unlike these DNMTs, DNA methyltransferase 3-like (DNMT3L) harbors no conserved catalytic domain, and has been shown to function as a regulatory cofactor for DNA methylation. However, it is unclear whether DNMT3L directly regulates DNA methylation in cancer cells. To address this, we investigated the methylation targets of DNMT3L by conducting methylation microarray trials after the siRNAinduced knockdown. We determined that methylation of 242 out of 1,505 CpG sites was significantly altered by DNMT3L knockdown. Among these 242 CpG sites, 204, 12, and 11 CpG sites were identified as common targets of DNMT 1/3B/3L, 1/3L, and 3B/3L, respectively; this indicates that DNMT3L participates in DNA methylation via cooperation with other DNMTs. However, we also determined that the methylation of 15 CpG sites was significantly altered by DNMT3L knockdown only. As a validation, we confirmed that thymine DNA glycosylase (TDG), an enzyme involved in the base excision repair of mismatched-DNA, was upregulated in DNMT3L knockdown cells, but neither in DNMT1 nor 3B knockdown cells. Methylation-specific PCR (MSP) also showed that promoter methylation of TDG was decreased in DNMT3L knockdown cells. Interestingly, 5-aza-2'-deoxycitidine (5-aza-dC) re-expressed DNMT3L, leading to down-regulation of TDG. This study is the first to show that DNMT3L exerts a major effect on the transcriptional regulation of a specific target gene, such as TDG, despite the absence of enzymatic activity.
Introduction
The aberrant methylation of CpG islands has been a wellestablished event in the tumorigenic process (1, 2) . The hypermethylation of promoter CpG islands in tumor suppressor genes results in transcriptional silencing of these genes (2) . By way of contrast, global hypomethylation in repetitive regions contributes to the genomic instability characteristic of tumors (2) . These aberrant methylation events in tumorigenesis are mediated by DNMTs including DNMT1, DNMT3A, DNMT3B, and DNMT3L. DNMT1 functions principally in the maintenance of methylation (3), whereas DNMT3A and DNMT3B are thought to carry out de novo methylation (4) . In a previous study, the disruption of both DNMT1 and DNMT3B reduced the methylation of genomic DNA by ~95% (5) , thus demonstrating that these two enzymes cooperatively maintained DNA methylation and gene silencing in human cancer cells.
Unlike other DNMTs, DNMT3L harbors no functional catalytic site and has been confidently identified as a regulatory factor of DNMT3A and DNMT3B (6, 7) . Although DNMT3L lacks enzymatic activity, loss of DNMT3L or DNMT3L mutation results in failures of embryonic development, as well as the establishment of paternal imprints (8, 9) . This means that DNMT3L may have a critical function on DNA methylation, above and apart from its ancillary function. Some recent studies have demonstrated that the loss of methylation at the DNMT3L promoter occurs in cervical carcinogenesis (10) and that the overexpression of DNMT3L in human cancer cell lines can result in nuclear reprogramming and substantial changes in genome-wide gene expression (11) . DNMT3L, as well as other members of the DNMT3 family, are expressed abundantly in embryonic stem (ES) cells, but DNMT3L expression levels are down-regulated in accordance with increases in promoter methylation occurring during embryonic development (12) . Thus, the abrupt re-expression of DNMT3L in some usually silenced cancer cell lines suggests that the role of DNMT3L may be as functionally relevant to tumor development as it is to embryonic development. The contributions of DNMT3L and its specific target genes to cancer, however, have yet to be clearly elucidated. In this study, we found that methylation of 15 out of 1,505 CpG sites was altered significantly by knockdown of only DNMT3L. Our results showed that, while DNMT3L exerts a minor effect on most genes as cofactors of other DNMT3 family members (DNMT3A and DNMT3B), certain genes, including TDG, were affected primarily by DNMT3L.
Materials and methods
Cell lines and reagents. The human gastric cancer cell lines SNU5, SNU16, SNU484, SNU601, SNU620 and MKN28 were obtained from the Korean Cell Line Bank. Cells were treated with 5-aza-dC via the addition of a fresh medium containing 5-aza-dC (0.1-5 μM; Sigma) every 48 h for 4 days and RNAs were prepared for further assay. siRNAs specific to each DNMT and nonspecific control (Qiagen) were used at concentrations of 20 nM. Transfections were repeated every 2 days for 6 days and conducted using Lipofectamine 2000 (Invitrogen) in accordance with the manufacturer's instructions.
Cell cycle analysis. Cells treated with siRNAs for each DNMT (20 nM) every 48 h for 6 days were harvested and then fixed with cold 70% ethanol. Each sample was washed with phosphate-buffered saline (PBS) and stained with 20 μg/ml propidium iodide (PI, Sigma) containing 10 μg/ml RNase A (Sigma). After incubation in the dark for at least 15 min, DNA contents of each sample were analyzed using Flow cytometric analysis (FACSCalibur flow cytometer; BD Biosciences, San Jose, CA, USA). The sub-G1 population of the DNA content was considered as apoptotic cells.
Methylation microarray. DNAs (1 μg) obtained from cells treated with each DNMT siRNA every 48 h for 6 days was treated with sodium bisulphate using EpiTect ® Bisulfite (Qiagen). The bisulphite-treated DNA was subsequently applied to an Illumina bead array (13) using Illumina Goldengate Methylation Cancer Panel I (Macrogen).
RT-PCR and real-time RT-PCR.
Total RNA was extracted using the TRI reagent ® (Molecular Research Center) in accordance with the manufacturer's instructions. cDNA was synthesized using ImProm-II™ reverse transcriptase (Promega) and amplified using AmpliTaq ® Gold DNA polymerase (Applied Biosystems) with gene-specific primers Table I . Primer sequences for RT-PCR and real-time RT-PCR analysis. Table I ). The primers for DNMT1 and DNMT3B were derived as reported previously (14) . ß-actin and GAPDH expressions were used as internal controls for the RT-PCR. The levels of each gene mRNA were quantitatively analyzed via real-time RT-PCR assays with SYBR Green I (Molecular Probe) using an iCycler instrument (Bio-Rad) with more than duplet reactions. Each relative mRNA expression level was calculated by normalization to the mean value of ß-actin.
Methylation-specific PCR. Genomic DNA samples were isolated using a QIAamp ® DNA mini kit (Qiagen). Genomic DNA of 1 μg was treated with sodium bisulfite with EpiTect Bisulfite (Qiagen). MSP (15) was conducted using AmpliTaq Gold with primers specific to methylated or unmethylated sequences of the genes (Table II) .
Results

Knockdown of DNMT.
Although DNMT3L harbors no conserved catalytic domain, some groups have reported that specific CpG sites were demethylated upon the deletion of DNMT3L (16) , thus suggesting that DNMT3L may be involved in the transcriptional regulation of some genes by altering the levels of DNA methylation. In this regard, we attempted to identify target genes whose methylation levels were altered by DNMT3L. To this end, we utilized SNU484 gastric cancer cells that express DNMT3L mRNA (Fig. 1A) .
The expression of DNMTs was blocked via repeated transient transfection of siRNA against each DNMT at 48 h intervals for a total of 6 days. As shown in Fig. 1B and C, we determined that the expression of each DNMT was downregulated after each siRNA transfection via RT-PCR and quantitative real-time RT-PCR. However, we found that the Table II . Primer sequences for MS-PCR analysis. knockdown of DNMT3L tended to induce the downregulation of DNMT3B (Fig. 1C ). Since the levels of DNMT3A mRNA were almost unchanged after the knockdown of other DNMTs ( Fig. 2 ), we were able to rule out the effects of DNMT3A in our further attempts to identify the target genes regulated by DNMT3L. Interestingly, the apoptosis rate in the SNU484 cells treated with DNMT3L siRNA was as high as in the cells treated with siDNMT1 ( Fig. 3 ). This result indicates that DNMT3L may perform a crucial role in cancer proliferation.
Screening of target genes regulated by DNMT3L. Next, in order to identify target genes specifically regulated by DNMT3L, we conducted GoldenGate methylation microarrays using SNU484 cells. The GoldenGate Assay for methylation allows for the measurement of the DNA methylation status of up to 1,505 targeted CpG sites from ~800 genes. Methylation microarray analyses were performed on the basis of the ß-value (Fig. 4A ). The ß-value refers to methylation levels in the CpG sites, ranging from 0 in the case of completely unmethylated sites to 1 in completely methylated sites (13) . A numerical difference >0.17 (|ß -ß control | ≥ 0.17) refers to a significant difference in the methylation level, as compared to controls. In DNMT3B and DNMT3L knockdown cells, significant changes in methylation levels were detected in 234 CpG sites and 242CpG sites, respectively (Fig. 4B) . Interestingly, in the following cases, the majority of these CpG sites overlapped. The 216 CpG sites were overlapped in the knockdown of DNMT1 and DNMT3L and 217 CpG sites in the knockdown of DNMT3L and DNMT3B. Additionally, among these sites, 204 CpG sites were significantly altered in all of the cells treated with siDNMT1, siDNMT3B, or siDNMT3L (Fig. 4B) . These results are bolstered by the fact that each of the DNMTs cooperatively plays a role in DNA methylation and gene silencing (5, 12) . Considering that the knockdown of DNMT3L also induced a modest reduction of DNMT3B (Fig. 1C) , DNMT3B may also contribute to the transcriptional regulation of the genes that were affected by DNMT3L. Therefore, in order to eliminate this possibility and to identify only the target genes of DNMT3L, we selected genes that were significantly altered as the result of DNMT3L suppression but exhibited no changes after suppression of DNMT1 or DNMT3B. As a result of our analysis, we determined that 15 CpG sites (14 genes) evidenced significant alterations in methylation levels following treatment with siDNMT3L alone, thus suggesting that these genes might be regulated principally by DNMT3L (Table III) . We also compiled a list of genes that were regulated by the suppression of DNMT3B only or both DNMT3B and DNMT3L, but not DNMT1 ( Fig. 4B ; Tables IV  and V) .
TDG is regulated primarily by DNMT3L. To validate the results of our methylation microarray trials, we conducted quantitative real-time PCR analysis for some genes that had been randomly selected from each group, as summarized in Tables III-V. In our methylation microarray analyses, NEFL and IPF1 methylations were commonly reduced following treatment with either siDNMT3B or siDNMT3L (Fig. 5A) . According to the changes in methylation status, real-time PCR experiments demonstrated that the mRNA expression levels of NEFL and IPF1 were increased in either DNMT3B or DNMT3L knockdown cells (Fig. 5B) . However, the methylation levels of BCL2A1 were not reduced, but were rather increased, even though DNMT3B was down-regulated as the result of siRNA treatment (Fig. 5A) . Consistent with this result, the expression of BCL2A1 was also reduced in DNMT3B knockdown cells (Fig. 5B) .
Among 15 CpG sites (14 genes) regulated by DNMT3L knockdown, we selected TDG for further study. TDG is one of the enzymes involved in the base excision repair of damaged DNA (17) . TDG harbored a CpG island within their promoter regions (Fig. 6A) , and the methylation levels of it were altered by >20% as the result of DNMT3L knockdown in SNU484 cells (Table III) . Using methylation microarrays, we determined that the methylation levels of TDG were reduced in DNMT3L knockdown cells as compared to the control cells, by 24% (Fig. 6B) . To further confirm the results of our methylation microarray experiments and to analyze the relationship between the altered methylation levels and gene expression, MSP was conducted for TDG. The map of the CpG island of TDG and the region for MSP analysis are provided in Fig. 6A . The methylation levels of TDG were reduced gradually in SNU484 cells treated with DNMT3L siRNA, as compared with the control siRNA (Fig. 6C) . The mRNA expression levels of TDG were also increased in correlation with the reduction in methylation levels (Fig. 6D) . In order to challenge or reinforce these results, we attempted to determine whether the expression of TDG was affected by DNMT3L knockdown in another DNMT3L-expressing gastric cancer cell line, MKN28 cells. As anticipated, the TDG Table III . Fifteen CpG sites detected significant alterations in methylation levels only by siDNMT3L.
-----------------------------------------------------------------------------------------------------Methylation level ------------------------------------
CpG Target ID RefSeq_NM siCon.AVG_Beta siDNMT3L.AVG_Beta Delta_beta Function island 
-----------------------------------------------------------------------------------------------------
Beta-value means methylation levels in CpG sites, ranging from 0 in the case of completely unmethylated sites to 1 in completely methylated sites. Delta_beta means the numerical difference between the ß value of the sample and of the control.
transcripts were up-regulated by DNMT3L knockdown in the MKN28 cells (Fig. 6D) . The loss of DNA methylation at the DNMT3L promoter in cervical cancer was recently observed (10), and its expression was associated with epigenetic modification (18) . We also determined that certain gastric cancer cell lines did not express DNMT3L and that 5-aza-dC treatment re-induced DNMT3L expression (Fig. 7A) . However, the expression of Table IV . Eleven CpG sites detected significant difference in methylation levels by only siDNMT3B.
-----------------------------------------------------------------------------------------------------Methylation level ------------------------------------
CpG Target ID RefSeq_NM siCon.AVG_Beta siDNMT3B.AVG_Beta Delta_beta Function island DNMT1 and DNMT3B were down-regulated as the result of 5-aza-dC treatment (19, 20) , thus indicating that 5-aza-dC exerts an opposite effect on DNMT1/3B and DNMT3L. Since TDG was up-regulated only in the DNMT3L knockdown cell lines, and not the DNMT1 or DNMT3B knockdown lines (Fig. 6D) , we further attempted to ascertain whether 5-aza-dC treatment resulted in decreased mRNA levels of TDG as a result of the increase in DNMT3L expression in Table V . CpG sites detected significant differences in methylation levels by only both siDNMT3B and siDNMT3L.
-----------------------------------------------------------------------------------------------------
- ---------------------------------------------------------------------------------------------------- SNU484 cells. TDG mRNA levels were reduced in the cells treated with 5-aza-dC versus DMSO (Fig. 7B) . On the basis of these results, we subsequently attempted to determine whether the TDG basal expression levels in gastric cancer cell lines not expressing DNMT3L were higher than in the SNU484 cells expressing DNMT3L. As had been expected, the TDG mRNA levels in most gastric cancer cell lines were higher than in the SNU484 cells (Fig. 7C) . These results show that DNMT3L may perform an important role in the regulation of TDG in cancer cells.
----------------------------------------------------------------------------------------------------Methylation level -------------------------------------
-----------------------------------------------------------------------------------------------------
Discussion
The results of this study indicate that DNMT3L, which was previously considered a minor enzyme, may actually be quite an important enzyme in the context of cancer development. Most notably, a recent study demonstrated that DNMT3L was also overexpressed as a result of its promoter hypomethylation in cervical cancer, thus suggesting that DNMT3L may function as a putative oncogene during cancer development (10) . Another previous study demonstrated that DNMT3L was down-regulated in accordance with the increase in its promoter methylation during the in vitro differentiation of ES cells, and that the abnormal regulation of DNMT3L could disrupt normal development (12) . Collectively, our results indicate that DNMT3L expression in cancer cells may contribute to alterations in the DNA methylation and expression of certain genes. Therefore, our study focused principally on the genes affected by DNMT3L, primarily to expand our current knowledge regarding the role of DNMT3L during tumorigenesis. We were surprised to find that DNMT3L siRNA increased apoptosis in SNU484 cells to the same degree as DNMT1 siRNA, but DNMT3B siRNA did not alter the incidence of apoptosis, as compared to control siRNA (Fig. 3) . Considering that DNMT1 is a major enzyme in the maintenance of aberrant methylation in cancer (3) and has characteristics that distinguish it from the DNMT3A and DNMT3B de novo methyltransferases (4), this result implies that DNMT3L may be involved in tumor proliferation.
The methylation microarray data were grouped in accordance with the CpG sites affected by each DNMT. Since DNMT3L was traditionally considered a minor enzyme, in comparison to DNMT1 and DNMT3B, we were surprised to observe that the methylation of 242 CpG sites was significantly altered by DNMT3L knockdown. However, it does make some sense that many genes were affected by DNMT3L, as DNMT3L is a regulatory enzyme that stimulates the activity of other DNMTs (6) , and the DNMTs are all somewhat intertwined with one another, as was confirmed by our results (Fig. 1C) . This also demonstrates why 227 of 242 CpG sites overlapped with other groups affected by DNMT1 or DNMT3B (Fig. 4B) .
To understand the role of DNMT3L, it is also worth including genes affected by the knockdown of DNMT3B, as DNMT3L is related more closely to DNMT3B than to DNMT1 in terms of their interaction and the role of de novo methylation (21) . Furthermore, our results showed that DNMT3L mRNA levels were positively correlated with the levels of DNMT3B mRNA (Fig. 1C) . Therefore, we randomly selected one gene (BCL2A) from 6 CpG sites, all of which were affected only by DNMT3B knockdown and harbored a promoter-region CpG island (Table IV) , as well as two genes (NEFL and IPF1) from 8 CpG sites, all of which were affected by DNMT3L or DNMT3B knockdown and also harbored a CpG island within the promoter region (Table V) .
In the case of BCL2A, the methylation levels of its target CpG sites were increased, despite the down-regulation of DNMT3B. The levels of BCL2A mRNA expression were also reduced, which correlated with observed increases in its methylation levels. Our results may validate, to some degree, a recent study showing that certain genes are down-regulated after exposure to the demethylating agent, 5-aza-dC (22) . The anti-apoptotic BCL2 family, which includes BCL2A, is commonly overexpressed in a variety of cancers and members of this family function as oncoproteins that inhibit apoptosis until the cells can accrue mutations sufficient for further tumorigenesis (23) . Therefore, BCL2 family members are considered molecules that can be targeted in order to suppress tumor development (23) . In our study, we demonstrated that BCL2A was down-regulated only in the DNMT3B knockdown cell lines (Fig. 5B) , thus suggesting that the overexpression of DNMT3B in cancer may contribute to the inhibition of apoptosis and the proliferation of cancer cells.
DNMT3L expression in SNU484 gastric cancer cells is a matter of some significance, in that SNU484 cells are primary cancer cells, which can undergo nuclear reprogramming as the result of the overexpression of DNMT3L, which is involved in cancer progression (11) . According to the epigenetic progenitor model, tumor heterogeneity, which includes metastatic capability and drug resistance, is an intrinsic and plastic property of primary tumors arising as the result of epigenetic change (24) . Therefore, because the overexpression and inappropriate expression of DNMT3L might result in aberrant epigenetic gene activation and silencing, DNMT3L also may be a tumor progenitor gene, such as OCT4 and Nanog (24, 25) .
Most of all, among 15 CpG sites affected by only DNMT3L, we narrowed our focus down to 5 CpG sites, which were located in a CpG island of promoter region and have well-characterized functions. Among these 5 CpG sites, we confirmed that TDG was overexpressed only in the DNMT3L knockdown cells. A recent study of TDG indicated that DNMT3A and DNMT3B appear to stimulate glycosylase activity via interaction with TDG, whereas TDG inhibits the methylation activity of DNMT3A in vitro (26) . In addition, the efficiency of TDG was reduced in the absence of DNMTs (27) . However, our results showed that TDG appears to be regulated negatively by DNMT3L, which is supported by the reduction in methylation levels following DNMT3L knockdown in the methylation microarray and MSP (Fig. 6B  and C) . One possible explanation is that the down-regulation of DNMT3L owing to the overexpression of DNMT3A and DNMT3B might result in the up-regulation of stimulation of TDG, since the promoter methylation and silencing of DNMT3L are mediated by DNMT3A and DNMT3B (12) . This conclusion might also be supported by the fact that, whereas DNMT3L was down-regulated owing to high levels of DNMT3B in the epiblasts from E5.5 to E7.5 (12) , TDG was expressed from 7.5-13.5 days post-coitum (d.p.c) (28) .
Some research groups have demonstrated that expression of DNMT1, DNMT3A and DNMT3B were reduced after treatment with 5-aza-dC (19, 20) . In the case of DNMT3L, however, silenced-DNMT3L was re-induced by 5-aza-dC treatment (Fig. 7A) . Since TDG was up-regulated by DNMT3L knockdown, the induction of DNMT3L by 5-aza-dC treatment could not be dismissed. TDG is responsible for a specific base-excision repair pathway that corrects G/T mismatches arising as the result of methylcytosine deamination, thereby suggesting that this epigenetic stability function might contribute to tumor suppression (17) . However, the hypermethylation of TDG results in genomic instability and chromosomal aberration, which may contribute to malignancy (29) . Thus, 5-aza-dC treatments against cancer may rather promote tumorigenesis by inhibiting repair enzymes that play a significant role in cancer protection. The aforementioned relationship of DNMT3L with DNMT3A/B, TDG, and 5-azadC may provide an explanation as to why DNMT3A/B double-null ES cells were highly resistant to 5-aza-dC (19) . Therefore, our results reinforce the need for targeted therapies such as treatments with specific DNMT3L inhibitors, which are expected both to minimize the side effects of anti-cancer drugs and to help in achieving outstanding cancer therapy results.
